The circadian clock is phase-delayed or -advanced by light when given at early or late subjective night, respectively. Despite the importance of the time-of-day-dependent phase responses to light, the underlying molecular mechanism is poorly understood. Here, we performed a comprehensive analysis of light-inducible genes in the chicken pineal gland, which consists of light-sensitive clock cells representing a prototype of the clock system. Light stimulated expression of 62 genes and 40 ESTs by >2.5-fold, among which genes responsive to the heat shock and endoplasmic reticulum stress as well as their regulatory transcription factors heat shock factor (HSF)1, HSF2, and X-box-binding protein 1 (XBP1) were strongly activated when a light pulse was given at late subjective night. In contrast, the light pulse at early subjective night caused prominent induction of E4bp4, a key regulator in the phase-delaying mechanism of the pineal clock, along with activation of a large group of cholesterol biosynthetic genes that are targets of sterol regulatory element-binding protein (SREBP) transcription factor. We found that the light pulse stimulated proteolytic formation of active SREBP-1 that, in turn, transactivated E4bp4 expression, linking SREBP with the light-input pathway of the pineal clock. As an output of light activation of cholesterol biosynthetic genes, we found light-stimulated pineal production of a neurosteroid, 7α-hydroxypregnenolone, demonstrating a unique endocrine function of the pineal gland. Intracerebroventricular injection of 7α-hydroxypregnenolone activated locomotor activities of chicks. Our study on the genome-wide gene expression analysis revealed time-of-daydependent light activation of signaling pathways and provided molecular connection between gene expression and behavior through neurosteroid release from the pineal gland.
The circadian clock is phase-delayed or -advanced by light when given at early or late subjective night, respectively. Despite the importance of the time-of-day-dependent phase responses to light, the underlying molecular mechanism is poorly understood. Here, we performed a comprehensive analysis of light-inducible genes in the chicken pineal gland, which consists of light-sensitive clock cells representing a prototype of the clock system. Light stimulated expression of 62 genes and 40 ESTs by >2.5-fold, among which genes responsive to the heat shock and endoplasmic reticulum stress as well as their regulatory transcription factors heat shock factor (HSF)1, HSF2, and X-box-binding protein 1 (XBP1) were strongly activated when a light pulse was given at late subjective night. In contrast, the light pulse at early subjective night caused prominent induction of E4bp4, a key regulator in the phase-delaying mechanism of the pineal clock, along with activation of a large group of cholesterol biosynthetic genes that are targets of sterol regulatory element-binding protein (SREBP) transcription factor. We found that the light pulse stimulated proteolytic formation of active SREBP-1 that, in turn, transactivated E4bp4 expression, linking SREBP with the light-input pathway of the pineal clock. As an output of light activation of cholesterol biosynthetic genes, we found light-stimulated pineal production of a neurosteroid, 7α-hydroxypregnenolone, demonstrating a unique endocrine function of the pineal gland. Intracerebroventricular injection of 7α-hydroxypregnenolone activated locomotor activities of chicks. Our study on the genome-wide gene expression analysis revealed time-of-daydependent light activation of signaling pathways and provided molecular connection between gene expression and behavior through neurosteroid release from the pineal gland.
T he oscillatory mechanism of the circadian clock is constituted of clock genes and the encoded proteins to generate physiological and behavioral rhythms with daily periodicity (1) (2) (3) . The intrinsic period length of the circadian clock deviates from 24 h, thus clocks are entrained to (reset by) the environmental changes, among which light is the most common and the strongest time cue. A light stimulus given at early or late subjective night induces phase delay or phase advance, respectively, whereas the light during the subjective daytime has little effect on the clock (4) . This time-of-day-dependent response is conserved among species, but the underlying molecular mechanism remains to be elucidated.
Among vertebrate clock-containing cells, the chicken pinealocyte is unique in that it retains intrinsic phototransduction pathways for entrainment of the clock (5, 6) . Hence, the chicken pineal clock cell provides a prominent platform for studies on the light-entrainment mechanism. We performed previously a differential display analysis of light-inducible genes in the chicken pineal gland and identified a limited number of transcripts that are induced by light selectively at either early or late subjective night (7) . Notably, light at early subjective night caused remarkable induction of a transcript encoding a bZIP transcription factor E4BP4 that acts as a light-dependent suppressor of Per2, particularly in the phase-delaying process (8) .
To identify transcription pathways that are light-activated at a particular time of day, we investigated light responses of the chicken pineal transcriptome by high-density oligonucleotide array (GeneChip) analysis. Our study revealed time-of-daydependent activation of pathways mediated by sterol regulatory element-binding protein (SREBP), X-box-binding protein 1 (XBP1), and heat shock factor (HSF) transcription factors. SREBP activated the transcription of E4bp4, raising SREBP as a light-responsive immediate regulator of the clock phase. On the basis of the light activation of SREBP and the target genes for cholesterol biosynthesis, we found a substantial activity of the pineal gland to synthesize a neurosteroid, 7α-hydroxypregnenolone, that activates locomotor activities of chicks, connecting lightinduced gene expression with behaviors.
Results
Light Pulse Induces a Subset of Pineal Genes in a Time-of-DayDependent Manner. To pursue time-of-day-dependent light responses of the pineal transcriptome, 12-h light/12-h dark cycleentrained male chicks were transferred to constant darkness and exposed to light for 1 h from circadian time (CT) 6 (representing subjective day), CT14 (early subjective night), or CT22 (late subjective night). The pineal glands were isolated just after the 1-h light pulse or alternative 1-h dark period (as a control) and subjected to gene expression analysis by Affymetrix GeneChip containing 37,700 probe sets. The data from the dark-kept animals revealed circadian expression of the clock genes Per, Cry, Clock, and Bmal (Fig. S1 , gray bars) with temporal profiles that are similar to those reported (9) (10) (11) . Out of ≈21,000 probe sets that detected significant gene expression in the pineal gland, 111 probe sets (corresponding to 62 genes and 40 ESTs) exhibited >2.5-fold increase of the signal intensities when the 1-h light pulse was given at any of the three time points (Fig. S2A) . Noticeably, most (89%) of the light-activated genes were strongly This article is a PNAS Direct Submission.
Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE21915) and in the GenBank database, www.ncbi.nlm.nih.gov/nuccore (accession no. EF221611). The light-responsive genes detected by the 111 probe sets were first analyzed by a functional classification. Among a variety of functional groups, one related to protein folding formed a predominant group (Fig. S2B) . Next, a hierarchical clustering analysis based on the light-response profiles ( Fig. 1 and Fig. S3 ) revealed that most of the protein folding-related genes belonged to a single cluster showing prominent light induction almost specifically at CT22 ( Fig. 1 and Fig. S3 , cluster A). These genes are known to respond to either heat shock or endoplasmic reticulum (ER) stress (12) (13) (14) , suggesting that these two pathways are activated specifically at late subjective night. We further explored circadian profiles of the light responses of heat shockresponse genes (Hsp25 and Hsp70) and ER stress-response genes (Herpud1 and Hspa5) at 4-h intervals by reverse transcription (RT)-PCR analysis. The light induction of these genes was highly circadian-regulated with the largest response at CT22, whereas their basal expression profiles were less rhythmic in constant darkness ( Fig. 2A) . Heat shock-response genes are transcriptionally regulated mainly by a family of heat shock factor (HSF) transcription factors, and the activity of HSF is regulated posttranslationally by nuclear localization, oligomerization, and/or phosphorylation (13) . We analyzed nuclear levels of HSF1-3 and found that HSF1 and HSF2 protein levels were up-regulated by the 1-h light pulse at CT22, whereas HSF3 level was almost unchanged (Fig. 2B ). HSF1 and HSF2 are most likely the key regulators of the light response of the heat shockresponse genes (Discussion). As for ER stress, it stimulates gene expression by activating three members of bZip transcription factors: ATF4, ATF6, and XBP1 (14) . We found that ATF6-and XBP1-target genes but not ATF4-targets were prominently induced by light at CT22 ( Fig. 2C and Fig. S4A ). Activity of XBP1 is known to be regulated by frame-switch splicing, which produces a spliced form of Xbp1 mRNA (termed Xbp1s) encoding active XBP1 (14) . We found that the formation of pineal Xbp1s showed a striking peak of light response at CT22. In contrast, the total amount of spliced and unspliced forms of Xbp1 (termed Xbp1t) showed no significant light response over the day (Fig.  2D ). These results revealed light-dependent activation of HSF1, HSF2, and XBP1 pathways at late subjective night. In the mouse liver, HSF1 is implicated in the feeding-dependent regulation of rhythmic gene expression (15) . Here, we found a robust daily rhythm of mouse liver Xbp1s mRNA level in ad libitum feeding condition ( Fig. S5A ) and the peak in the nighttime was attributed to food intake ( Fig. S5B) , whereas a recent report showed a low amplitude rhythm of Xbp1s during starvation (16) . Because feeding is one of the most important time cues for entrainment Fig. 1 . Light-induced genes in the chicken pineal gland. Dark-kept animals were exposed to a 1-h light pulse (L) from CT6, CT14, or CT22, or kept in the dark (D). The pineal glands were isolated at CT7, CT15, or CT23 for GeneChip analysis (n = 2). (Left) Light-induced genes detected by 111 probe sets (>2.5-fold induction in at least a single time point) were subjected to the hierarchical clustering analysis. Signal intensities obtained from two independent samples were averaged for each probe set at each time point, and the average value of dark samples was set to 1. Genes clustered with stress-response genes (cluster A) and those with E4bp4 (cluster B) are shown at Right. The intensity of each amplified product was normalized to that of Tbp. The lowest value of the dark-kept animals was set to 1. Data are the mean ± SEM (n = 4). (B) Effect of light on nuclear HSF1, HSF2, and HSF3 levels. Dark-kept animals were exposed to a 1-h light pulse (L) from CT22, or kept in the dark (D), and then the pineal glands were isolated at CT23. Nuclear extracts (70 μg of protein for each lane) were subjected to immunoblot analysis. Data are the representatives of two independent experiments. (C) Light-response of ATF4, ATF6, and XBP1-target genes. ATF4, ATF6, and XBP1-target genes commonly identified in previous reports (36) (37) (38) (39) were selected, and their expression profiles in the pineal GeneChip analysis are indicated as in Fig. 1 . No probe set was assigned to Chop gene, which is a target of both ATF4 and ATF6.
of the liver clock (17) , it is possible that HSF1 and XBP1 act as common regulators of rhythmic gene expression between the chick pineal gland and the mouse liver when the clock cells respond to resetting signals (Discussion).
SREBP-Target Genes and E4bp4 Display Similar Light-Response
Patterns. Among the clock genes, E4bp4 was highly lightresponsive in the pineal gland (Fig. S1 ). The hierarchical clustering analysis demonstrated that E4bp4 formed a cluster with Insig-1 and HMG-CoA synthase genes, all of which showed prominent light induction at CT14 (Fig. 1 and Fig. S3, cluster B) . By applying our previous differential display analysis of the pineal genes (7), we also found that E4bp4, StarD4, and Insig-1 transcripts were up-regulated by light at early subjective night (Fig. 3A, Left) . In the mouse liver, Horton et al. (18) identified StarD4, Insig-1, and HMG-CoA synthase as the target genes of SREBP, a transcription factor activating expression of an array of genes responsible for synthesis and uptake of cholesterol and fatty acids in the liver (19) . Giving attention to the SREBP-target genes, we found that genes participating in the cholesterol biosynthesis and metabolism were remarkably induced by the light pulse at CT14 (Fig. 3B and Fig. S4B ). In contrast, another subset of SREBP-target genes responsible for synthesis of acetyl-CoA and fatty acids were almost unaffected by the light pulse given at any time point (Fig. 3B and Fig. S4B ; see Discussion). Detailed analysis of circadian profiles of the light response of StarD4 and Insig-1 revealed that the transcript levels were markedly upregulated by the light pulse given at around the day-night transition (CT10 and CT14), a temporal pattern that is very similar to that observed for E4bp4 induction (Fig. 3C) . These results suggest a common regulatory mechanism underlying the light induction of E4bp4 and cholesterol-related genes through SREBP-mediated process.
Light Pulse at Early Subjective Night Activates SREBP. SREBP, a member of bHLH-Zip transcription factors, is encoded by two genes in vertebrates, Srebp-1 and Srebp-2, each of which produces ≈120 kDa inactive precursor bound to ER membrane. The N-terminal bHLH domain of SREBP is proteolytically released from the membrane as a 68-kDa form, which translocates to the nucleus where it acts as an active transcription factor designated nSREBP (19) . RT-PCR analysis revealed that Srebp-1 and Srebp-2 are expressed in the chicken pineal gland at levels comparable to those in the liver (Fig. S6A) . Among available antibodies, anti-SREBP-1 (2A4) antibody reactive to mouse liver nSREBP-1 (Fig.  3D, lane 1) detected not only chicken nSREBP-1 expressed in CHO-K1 cells (Fig. 3D, lane 4) but also endogenous nSREBP-1 in the nuclear extract of the chicken liver (Fig. 3D, lane 6 ) with no detectable cross-reactivities to human/chicken nSREBP-2 (Fig. 3D,  lanes 2 and 5) . By using this antibody, we found that the 1-h light pulse at CT14 caused remarkable accumulation of proteolytically activated ≈68 kDa nSREBP-1 in the pineal cell nuclei (Fig. 3E ). These results demonstrate light-induced posttranslational activation of SREBP-1, whereas RT-PCR analysis revealed marginal effects of light on the pineal transcript levels of Srebp-1 and Srebp-2 (Fig. S6B) . SREBP Activates Expression of E4bp4. The effect of the active SREBP (nSREBP) on E4bp4 promoter was explored by transcriptional assay in CHO cells. Transcription from a 2.0-kb promoter region of chicken E4bp4 (E4bp4us2.0; Fig. 4A ; deposited in GenBank, accession no. EF221611) was activated by nSREBP-1 and to a lesser extent by nSREBP-2 (Fig. 4B) . Similar activation profiles were observed even with the shorter promoter regions, us1.0 and us0.5 ( Fig. 4 A and B) . In support of the idea that SREBP regulates E4bp4 expression, the activity of the E4bp4us0.5 reporter was inhibited by treatment of the cells with a 1:10 mixture of 25-hydroxycholesterol and cholesterol (Fig. 4C) , which is known to inhibit SREBP activation (19) as evidenced here by their inhibitory action on HMG-CoA synthase promoter activity (Fig. 4C) . We found that the E4bp4us0.5 reporter contained multiple copies of potential SRE (sterol regulatory element) sequence (Fig. 4D,  shaded boxes) , a binding site of nSREBP (20) . The nSREBP-1-mediated activation was largely reduced when the E4bp4 promoter was further shortened from us0.2 to us0.15 and us0.1 (Fig. 4 A and E), in which one and two SRE sequences were eliminated, respectively (Fig. 4D) . nSREBP-1 activated the transcription of E4bp4us0.5 reporter more potently than nSREBP-2 (Fig. 4F) , contrasting with comparable activation by nSREBP-1 and nSREBP-2 on the promoter of HMG-CoA synthase or Squalene synthase (21, 22) (Fig. 4E) . We conclude that SREBP-1 responds to light at early subjective night to operate as a transcriptional activator of E4bp4, a gene important for the photic-input pathway to the circadian clock (Fig. S7) .
Light Pulse at Early Subjective Night Activates 7α-Hydroxypregnenolone Secretion from the Pineal Gland. The light-dependent activation of SREBP-target genes for cholesterol biosynthesis (Fig.  3B and Fig. S4B ) gave us the idea that light could stimulate pineal production of cholesterol and its derivatives such as neurosteroids, which act as signaling molecules in the brain (23) . The rate-limiting step in steroidogenesis is the conversion of cholesterol to pregnenolone, a process that is facilitated by both mitochondrial cholesterol transporter StAR and cholesterol sidechain cleavage enzyme P450scc (24) (Fig. 5A) . StAR gene was expressed at similar levels in a wide range of brain regions including the pineal gland, whereas P450scc transcript level was remarkably higher in the pineal gland than the other brain regions tested (Fig. 5B) , suggesting active neurosteroidogenesis in the pineal gland. We examined potential neurosteroid biosynthesis by in vitro incubation of the pineal lysate with [ 3 H]-labeled pregnenolone as a substrate. HPLC-based separation of the reaction products demonstrated that pregnenolone was converted primarily to 7α-hydroxypregnenolone with the pineal lysate (Fig. 5C) . The synthetic activity of 7α-hydroxypregnenolone was identified in the diencephalon of newts and quail (25, 26) , whereas we found that the specific activity of the pineal lysate was ≈15-fold higher than that of the diencephalon of chicks (Fig. 5D ). This pineal activity contrasts sharply with that of the adrenal gland showing no detectable activity to synthesize 7α-hydroxypregnenolone (Fig. S8A) . We further explored a potential function of the pineal gland to synthesize and secrete 7α-hydroxypregnenolone in organ culture. The pineal glands isolated from the entrained chicks at CT6, CT14, or CT22 were exposed to light (or kept in the dark) under the cultured condition, which maintains the in vivo properties of the pineal gland (5). We found that a significant amount of 7α-hydroxypregnenolone was released from the pineal gland into the culture medium, and the release was stimulated by light at CT14 (Fig.  5E) , consistent with the light response of SREBP-target genes for cholesterol biosynthesis (Fig. 3B and Fig. S4B ).
Light Pulse at Early Subjective Night Strongly Stimulates Locomotor
Activity in a Pineal Gland-Dependent Manner. In newts and quail, 7α-hydroxypregnenolone is reported to activate their locomotor activities (25, 26) . In line with these observations, spontaneous locomotor activities of chicks were stimulated in a dose-dependent manner by intracerebroventricular injection of 7α-hydroxypregnenolone (Fig. 5F ). The injected dose (10 or 200 ng) is equivalent to or in excess of 7α-hydroxypregnenolone content in the whole brain isolated after 1-h light pulse from CT14 [7.0 ± 1.2 ng (n = 5)]. We then analyzed the effect of light on locomotor activities at CT6, 14, and 22. Light exposure at CT14 strongly stimulated the activities to daytime level (Fig. 5G, Left) , and light/dark ratio of the activities was highest at CT14 (Fig. 5G , Right) with a temporal profile very similar to that of the light response of 7α-hydroxypregnenolone release (Fig. 5E ). We further investigated the effect of pinealectomy on light stimulation of locomotor activities at CT14 and found that the light response was attenuated by pinealectomy (Fig. 5H) to a level close to the light response of intact animals at CT6 and CT22 (Fig. 5G, Right) . Collectively, these results revealed unique functions of the pineal gland, i.e., the biosynthesis and secretion of 7α-hydroxypregnenolone. Lightdependent activation of SREBP pathway in the pineal gland not only transactivates E4bp4 transcription but also appears to contribute to stimulation of the locomotor activity by generating 7α-hydroxypregnenolone in a time-of-day-dependent manner.
Discussion
This study demonstrates that SREBP pathway in the pineal gland was activated within 1 h after the light exposure of chicks, and the light response was pronounced at the early subjective night (Figs. 1  and 3) . This gating appears to play an important role in time-ofday-dependent phase delay by light because E4bp4 expression was up-regulated by nSREBP (Fig. 4 and Fig. S7 ). It should be noted that the light pulse given at early subjective night remarkably ac- The putative transcription start site is indicated as +1. (B, E, and F) The transcriptional assays in CHO-K1 cells using luciferase reporters containing promoter region of E4bp4. The amount of SREBP-expression plasmid was 100 ng (B and E) or 1, 3, 10, 30, 100, and 200 ng (F). The luciferase activity derived from the firefly luciferase reporter was normalized to that from the Renilla luciferase reporter. The mean value obtained from the cells transfected with empty vector and E4bp4us0.5 (B, E, and F, Upper) or pGL3 promoter (F, Lower) was set to 1. Data are the mean ± SEM (n = 3). (C) Regulation of E4bp4 promoter activity by cellular sterol levels. Four hours after transfection, CHO-K1 cells were treated with (+) or without (-) 1 μg/mL 25-hydroxycholesterol and 10 μg/mL cholesterol. After 48-h culture, the cells were subjected to luciferase assay. The mean value obtained from the sterol (-) cells was set to 1. Data are the mean ± SEM (n = 6). tivated a subset of SREBP-target genes responsible for biosynthesis and metabolism of cholesterol, whereas it had only marginal effects on those involved in synthesis of acetyl-CoA and fatty acids (Fig. 3B and Fig. S4B ). Intriguingly, it has been established that optimal transcriptional activation by nSREBP requires additional contribution of transcription factors such as Sp1 and nuclear factor Y (NF-Y), whose binding sites are positioned close to SRE (27) . We searched for Sp1-and NF-Y-binding sites in mammalian SREBP-target genes in the literature (22, (28) (29) (30) and found that the NF-Y sites reside near SRE of the light-responsive cholesterol-related genes, such as Farnesyl diphosphate synthase, HMG-CoA synthase, HMG-CoA reductase, Squalene epoxidase, Squalene synthase, and StarD4. In contrast, the NF-Y site was not found in the light-insensitive genes such as Acetyl-CoA synthetase, LDL receptor, Acetyl-CoA carboxylase-1, and Malic enzyme. The presence of two NF-Y sites close to SRE in the chicken E4bp4 promoter (Fig. 4D, broken lines) raises the possibility that NF-Y plays an additional role for the light induction of gene expression in a cooperative manner with SREBP.
In contrast to striking light activation of SREBP pathway at early subjective night, stress-response genes and their regulators were prominently induced by light at late subjective night (Figs. 1  and 2 ). It is known that nuclear accumulation and activation of HSF1 and HSF3 are stimulated by heat shock, whereas HSF2 is uniquely activated when the ubiquitin-dependent protein degradation machinery is inhibited (13) . Our finding that HSF1 and HSF2 but not HSF3 accumulated in the pineal cell nuclei in response to light (Fig. 2B) suggests that the light activation of these factors is not simply due to a heat shock response such as changes in body temperature. Similarly, we found that light induced expression of the target genes of ATF6 and XBP1 but not those of ATF4 (Fig. 2C and Fig. S4A ), whereas all of these genes are known to be induced by ER stress (14) . It is possible that light activates an unidentified combination of upstream signaling pathways for the selective light response of these stress-response factors, rather than acts as a stress. Interestingly, SREBP (31), HSF1 (15), ATF6 (32) , and also XBP1 (Fig. S5) are implicated in the feedingdependent regulation of rhythmic gene expression in the mouse liver. These factors can be common regulators in various input pathways among clock cells, although the molecular link between the phase advance of the pineal clock and the signaling pathways of ATF6, XBP1, and HSF needs to be established, among which HSF1 is known as a regulator of the mammalian clockwork (15, 33) . It is interesting to investigate whether SREBP, ATF6, XBP1, and HSF pathways show time-of-day-dependent responses also in the food-regulated clocks of the liver and in the central clock of the suprachiasmatic nucleus in mammals. Such a comparative genomic analysis will shed light on potential conservation of lightresponsive pathways among tissues and/or species. The chicks were exposed to 20-min light pulse (≈300 lx; white fluorescent lamps) from CT6, CT14, or CT22, and then pineal glands were isolated and pooled (eight pineal glands) to culture for 3 h under the light. For dark control group, all procedures were performed in the dark. The amounts of 7α-hydroxypregnenolone released into the medium were measured by gas chromatography/mass spectrometric (GC-MS) analysis. Data are the mean ± SEM (n = 4). (F) Effect of intracerebroventricular injection of 7α-hydroxypregnenolone on chick locomotor activity. 7α-hydroxypregnenolone (0 ng, n = 14; 10 ng, n = 5; 200 ng, n = 9) was injected at ZT14-16, and the locomotor activity of each individual was recorded for 20 min. Data are the mean ± SEM P < 0.005 by one-way ANOVA. (G) Effect of light on locomotor activity. Locomotor activity of individual chick was recorded for 10 min before (under infrared light) and after (under white LED light; ≈300 lx) the 10-min light exposure at CT6-8, CT14-16, or CT22-24 (Left). Data are the mean ± SEM (n = 6-8). Light/dark ratio of the activity of each chick was plotted in Right (P < 0.05 by one-way ANOVA). (H) Effect of pinealectomy on light-dependent stimulation of locomotor activity. Locomotor activity of pinealectomized (n = 6) or sham-operated (n = 7) chick was recorded for 10 min before and after the 10-min light pulse at CT14-16, and light/dark ratio of the activity was plotted as in G. *P < 0.05 by Student's t test. The brain is not only an important target site of steroid hormones but also capable of converting cholesterol to steroid hormones (neurosteroids) in several types of cells including oligodendrocytes, Purkinje neurons, and hippocampal neurons (23) . Here, we found that the pineal gland has high activity to synthesize and secrete 7α-hydroxypregnenolone which enhances locomotor activities of chicks (Fig. 5) . To the best of our knowledge, this is the first observation showing neurosteroid synthesis and secretion in the pineal gland in any vertebrate. In contrast, it is established that the canonical pineal hormone melatonin regulates sleep rhythms (34) . Therefore, the pineal gland appears to participate in the regulation of sleep/wake state not only by circadian production of melatonin in the dark but also by synthesis and secretion of 7α-hydroxypregnenolone in the light. In this study, we used male chicks for the experiments. Our previous study on the quail diencephalon demonstrated much higher activity of 7α-hydroxypregnenolone synthesis in males than females, corresponding to relatively higher locomotor activities of males (26) . Consistent with this observation, we found that the pineal gland of female chicks released far lower amount of 7α-hydroxypregnenolone than males (Fig. S8B) , suggesting the conservation of the sex difference in 7α-hydroxypregnenolone system between the chick pineal gland and the quail diencephalon. Further study is necessary to reveal the mechanism underlying the sex difference.
In summary, our genome-wide gene expression analysis revealed multiple signaling pathways that were light-activated in a time-of-day-dependent manner to regulate gene expression. The SREBP-mediated pathway especially should be highlighted as the photic-input mechanism of the circadian clock through regulation of E4bp4, which acts as a light-induced suppressor of Per2 particularly in the phase-delaying process. An intriguing idea is that the combination of these light-activated pathways determines the direction and degree of the time-of-day-dependent phase shift of the circadian clock.
Materials and Methods
Details are provided in SI Materials and Methods.
Animals. Animal experiments were conducted in accordance with the guidelines of the University of Tokyo. Newly hatched male chicks were maintained under 12-h light/12-h dark cycles for 7 d with the light provided by white fluorescent lamps (≈300 lx at the level of the heads of chicks). They were transferred to constant darkness thereafter and exposed to a 1-h light pulse at various time points. All procedures during the dark period were performed under dim red light.
GeneChip and Quantitative RT-PCR Analyses. Original analysis data using GeneChip Chicken Genome Array (Affymetrix) were deposited in GEO (accession no. GSE21915). Quantitative RT-PCR analysis was performed as described (35) or by using QuantiTect SYBR Green PCR Kit (Qiagen). The primers and optimal cycle numbers were summarized in Table S1 .
